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GCR Theory Luke O’C. Drury
1. Introduction
Framing the theory and interpretation of cosmic rays as a corner-stone of high-energy astro-
physics can largely be traced back to the influence of the 1964 monograph "Origin of Cosmic Rays"
by Ginzburg and Syrovatskii [48]. This genuinely seminal book transformed cosmic ray physics
from being the poor relation of particle physics into the important branch of high-energy astro-
physics which it is today. Looking back it is remarkable how prescient Ginzburg and Syrovatskii
were. They made a number of key points:
1. Cosmic Rays are essentially a Galactic phenomenon, neither Solar nor cosmological, and
their study is properly part of astrophysics.
2. The cosmic ray population that we observe locally in the Solar neighbourhood is a repre-
sentative sample of that throughout most of the Galaxy; what one might call a cosmic ray
Copernican principle.
3. Cosmic Ray propagation is by spatial diffusion in an extended magnetised halo surrounding
and anchored in the gas disc of the Galaxy.
4. The cosmic ray energy budget points firmly to supernovae as the power source (it "jumps off
the page" as they vividly put it).
5. The great potential of gamma-ray and neutrino astronomy is emphasised - a remarkable
feature for a book published over fifty years ago!
Most of this is still largely true. While the Galactic nature of the bulk of the cosmic rays is
nowadays taken for granted it should be remembered that Alfvén, Richtmeyer and Teller [12, 11]
were arguing for a purely Solar origin as late as the 1950s, and that on the other hand Hoyle and
Burbidge [21] were arguing that the entire universe was filled with a uniform sea of cosmic rays,
leading to a long running controversy between Ginzburg and Burbidge (see e.g. [20] where Bur-
bidge writes "in modern times the extragalactic theory has been continuously attacked by Ginzburg
and Syrovatskii, and their arguments against this hypothesis have been repeated quite uncritically
by others") as described in Longair’s book [62]. Certainly the energetically dominant component of
the cosmic rays, the mildly-relativistic nuclei with energies around a GeV per nucleon, are a Galac-
tic phenomenon whereas the ultra-high energy cosmic rays are probably extra-galactic although the
transition, probably in the EeV region, is uncertain (see review by Andrew Taylor at this confer-
ence). As we will see the Galactic cosmic rays (hereafter GCR) do fill the galactic disc rather
uniformly and isotropically, in fact surprisingly so. The transport of the GCR does have a strong
diffusion component, but is almost certainly more complicated than in the Ginzburg pure diffusion
model. Perhaps most significantly, the energy argument has not changed and is still compelling
evidence for Supernovae as the ultimate power source driving GCR acceleration. And finally of
course, their predictions of a bright future for Gamma-ray astronomy have been realised and we
are on the verge of opening up a genuine neutrino astronomy.
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2. Distribution within the Galaxy
Ginzburg and Syrovatskii had to rely mainly on radio synchrotron observations of our own
and other spiral galaxies to infer that the entire disc was filled with relativistic cosmic ray electrons
which also extended some distance above and below the disc to form a "halo", and then assume that
the same held for the nuclear species. They pointed however to the great potential of gamma-ray
astronomy (and in principle neutrino astronomy) to address this question. The dominant source
of the diffuse gamma-ray emission in the Galaxy above about a GeV is the decay of neutral pions
produced by hadronic interactions between cosmic ray nuclei and the atoms of the interstellar gas.
Thus the gamma-ray emissivity traces the product of the cosmic ray intensity and the local gas
density (of course if one wants to do a proper quantitative analysis it is important also to include
inverse Compton contributions from the cosmic ray electrons as well as bremsstrahlung). Even a
cursory comparison of the Femi-LAT all sky maps above a GeV with the distribution of dust and gas
in the Galaxy as revealed by e.g. the Planck data immediately shows the two look almost identical
from which it follows that the cosmic ray flux throughout the Galaxy must be pretty uniform. In
fact detailed studies show that the bulk of the disc must be filled with cosmic rays very similar (in
intensity and energy spectrum) to those observed locally. Only in the immediate neighbourhood
of the Galactic centre is there evidence for a harder spectrum and higher intensity, and while there
is a falling off towards the outer Galaxy the radial gradient is surprisingly small [50]. The radial
gradient, together with the distinctly lower emissivity observed in the Magellanic clouds (a classic
test proposed by Ginzburg [47]), clearly show that the bulk of the lower-energy cosmic rays are a
Galactic phenomenon coming from sources within our Galaxy.
What the Fermi-LAT observations have also revealed, and what nobody anticipated, is the
presence of two large extended structures above and below the Galactic plane, the so-called Fermi
bubbles. These sharp-edged and limb-brightened features with a hard energy spectrum are not well
understood, but clearly point to some form of past nuclear activity in our own Galaxy, see e.g.
[3, 30] and references therein.
3. Anisotropy
The arrival direction distribution of the charged cosmic rays is remarkably isotropic, with
typical anisotropies of less than 10−3 over the energy range thought to be Galactic (see e.g. [31]
and references therein). The reason is fairly obvious; magnetic fields deflect particles and are very
effective in isotropising charged particle distributions, so the near isotropy of the GCR points to
strong scattering by Galactic magnetic fields, however the quantitative details are complex. Over
the last decade the observational situation has greatly improved thanks to a series of experiments
starting with Milagro [1] and followed by HAWC, IceCube, Argo-YBJ, EAS-Top, Tibet-ASg etc
which have greatly improved our knowledge of the arrival direction distributions of GCRs at PeV
energies (a classic example of one man’s background being another man’s signal - for the most
part these are gamma-ray and neutrino observatories!), see e.g. [74]. These have revealed a wealth
of detail, including both small-scale and large-scale features. The existence of the small-scale (10
degrees or so on the sky) structure was initially a surprise because in simple diffusion models only
a dipole anisotropy is expected, but is now I believe reasonably well understood. The key point
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is that the angular distributions observed in any particular instantiation of a random magnetic field
are not the same as those in the ensemble average [45, 8] and can in principle be used as probes
of the local ISM field structure [44, 43] as well as Heliospheric magnetic (and electric [68]) fields
[81]. The large scale structure possibly hints at interesting local sources such as the Vela SNR, see
e.g. [7]. The bottom line remains however that the low level of anisotropy, and in particular its
rather weak energy dependence, is a strong constraint on propagation and is in clear tension with
simple models based on pure diffusion (and the unphysical leaky box, which is best thought of as
a one-zone approximation to the diffusion model).
4. The Galactic cosmic ray luminosity
The question of how much power is required to maintain the observed cosmic ray population
in the Galaxy, or to put it another way what is the cosmic ray luminosity of the Galaxy LGCR, is,
as recognised by Ginzburg and Syrovatskii, a key issue. The conventional estimate is 1041ergs−1
or in SI units 1034 W. Ginzburg and Syrovatskii estimated back in 1964 a value one third of this,
0.3× 1034 W whereas Drury, Markiewicz and Völk in 1989 [38] suggested a high value of 3×
1034 W. More recently Strong et al using the Galprop code quoted the remarkably precise value of
(0.7± 0.1)× 1034 W, but it is clear that the error here is the statistical error in the measurements
and that there is a much larger systematic error associated with the choice of propagation model.
The basic power estimate is quite robust and it is worth explaining in some detail how it arises.
The key point is that the local energy density of the GCRs, and their so-called "grammage" are both
very well constrained by the observations at a few GeV per nucleon where we have excellent data.
The "grammage" is simply the amount of matter traversed by the GCRs before reaching the solar
neighbourhood and is fixed by observations of the ratios of secondary spallation nuclei to primary
source nuclei, for example the Boron to Carbon ratio. This unambiguously shows that the GCR we
observe at Earth have traversed a grammage of g≈ 5gcm−2 at a few GeV per nucleon.
Let us now assume that the GCR have been confined for a time τ in a volume of size V
containing a target mass M, then
g≈ τcM
V
, (4.1)
and if their energy density is EGCR, then the Galactic GCR luminosity is just
LGCR ≈ EGCRVτ (4.2)
from which it trivially follows that
LGCR ≈ EGCR cMg . (4.3)
Taking fairly standard values of a local GCR energy density EGCR ≈ 1.0eVcm−3, a total interstellar
gas mass in the Galaxy of 5×109M and g≈ 5gcm−2 gives LGCR ≈ 1034 W.
It is important to note that this does not depend on the exact value of the confinement time τ
or volume V , all that matters is their ratio. In particular the argument is independent of cosmic ray
ages inferred from radioactive secondaries such as 10Be etc. It does of course rely on the cosmic ray
Copernican assumption, that there is nothing special about the solar neighbourhood, but this is well
supported by the gamma-ray observations as discussed above. It also assumes that the cosmic ray
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energy does not change significantly during propagation, that they more or less uniformly sample
all the interstellar gas (in particular that they penetrate molecular clouds), and it only determines
the luminosity in mildly relativistic particles around a GeV per nucleon. All of these reflect issues
to do with the choice of cosmic ray propagation model.
Historically the oldest propagation model, and one that refuses to die even though it is clearly
unphysical, is the so-called leaky box model with a fixed V and an energy dependent escape time
τ . This is probably best thought of as a useful approximation to a more physical Ginzburg-type
spatial diffusion model. At the phenomenological level one could however equally well consider
both the volume V and escape time τ to be energy dependent, and indeed this "expanding leaky
box" can be shown to be an approximation to more sophisticated dynamical outflow models, see
[82] and more recently [72]. Putting some of the energy dependence into the effective volume has
the advantage of making the anisotropy data easier to understand - the larger confinement volume
at high energies lowers the expected anisotropy.
Observationally it is clear from the secondary to primary ratios that τ/V is a decreasing func-
tion of energy, and that thus the cosmic ray production spectrum must be harder than that observed.
Theory tends to favour quite hard production spectra close to N(E) ∝ E−2 whereas observations
seem to favour rather softer injection spectra closer to E−2.3. This has obvious implications for
the energy budget and the high estimate of [38] is a consequence of assuming a hard production
spectrum (and subsequently more rapid escape or greater dilution in a larger volume to soften the
spectrum) so that more energy has to be put into producing the higher energy particles.
In addition to this uncertainty at high energies, at low energies the assumption that particles
propagate without significant energy change is questionable. There must be some level of second
order Fermi acceleration associated with the scattering of the particles by the magnetic field unless
the field is strictly magnetostatic. In reality of course the field irregularities responsible for the scat-
tering are expected to be moving with characteristic velocities of order the Alfvén speed and thus
the spatial diffusion should be accompanied by a certain amount of momentum-space diffusion.
For historical reasons this effect is usually called "re-acceleration" and is incorporated in propaga-
tion codes such as Galprop where it is typically adjusted to give a better fit to the low-energy Boron
to Carbon data, e.g. [58]. Recently [36] Andy Strong and I have evaluated how much energy is
actually transferred to the cosmic rays through this process if the usual parameter values are used
and shown that it implies an uncomfortably high level of re-acceleration power, perhaps as high as
5× 1033 W or half the cosmic ray luminosity of the galaxy! While not absolutely impossible this
seems implausible and we note that advection in an outflow or a directed wave field (see e.g. [13])
can give an equally good fit to the low-energy data.
To summarise the energetics, we can safely assume that the total Galactic cosmic ray luminos-
ity is
0.3×1034 W < LGCR < 3×1034 W (4.4)
with the uncertainty reflecting systematic uncertainties in the propagation models rather than sta-
tistical uncertainties in the data. As much as half of this may possibly come from re-acceleration if
the standard Galprop parameter fittings and model are used.
Now the key point made long ago by Ginzburg and Syrovatskii is that the mechanical power
injected by Galactic supernovae is of order PSNe ≈ 1035 W and, apart perhaps from the Galactic
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centre, there is no other plausible source of sufficient energy to drive the acceleration. Pulsars
and OB winds may make a minor contribution at the 10% level, but are not as powerful. The
fact that the power available from supernova explosions is precisely that required to produce the
GCR luminosity if the accelerator works at about 10% efficiency, and that nothing else seems to
be available is a powerful argument for saying that the energy powering the GCR must ultimately
come from supernovae. This argument remains as valid today as it was in 1964 (and indeed the
idea goes back even further to the discovery of supernovae by Baade and Zwicky in 1934 [15]).
Assuming that the most plausible energy source to drive the acceleration is the explosion
energy of supernovae, the rather high efficiency required (of order 10%) implies that it cannot take
place directly in the explosion itself because there would then be a major problem with adiabatic
losses in the subsequent expansion of the remnant. It follows that it must be mediated through the
shocks associated with the remnant, or possibly to some extent the general ISM turbulence (see fig
1).
Figure 1: The putative energy flow from SNe to GCRs
Turning to the Galactic centre we know that it contains a supermassive black hole with a mass
of 4× 106 M [46]. The natural power scale associated with accretion onto a black hole is the
Eddington luminosity, which in the case of the Galactic centre is 5×1037 W. Clearly, and perhaps
fortunately, it is massively sub-luminous at the present time, but there is evidence for significant
time variability, e.g. [77], and thus it could easily make a significant time-averaged contribution if it
flickers on and off as many AGN do. The recent evidence from the HESS collaboration of particle
acceleration to PeV energies in the Galactic centre is very exciting in this regard [54]. Combined
with the recent Fermi-LAT observations showing a harder spectrum in the Galactic centre region,
e.g. [41], and the evidence of the Fermi bubbles, it is hard to escape the conclusion that there is
a lot of high-energy particle acceleration associated with the centre of our Galaxy. Whether this
is related to episodic accretion onto the black hole, or star-burst activity in the central molecular
zone remains open. It should be noted that exciting as the HESS observations are, they imply
a luminosity in PeV particles from the Galactic centre that is currently quite modest at around
1030−1031 W and certainly not enough at the moment to make a major contribution to the general
GCR population. Of course the Fermi bubbles suggest much more violent activity in the past, and
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it is not impossible that in the "knee" region we see a significant contribution from past Galactic
centre activity.
5. Charge resolved energy spectra
Even if little has changed in regard to the overall energy and power considerations, the last few
years have seen exciting new developments in our knowledge of the particle energy spectra. Until
recently the paradigm was that all the primary GCR nuclei, after correcting for solar modulation and
spallation during propagation, were essentially just one feature-less power law between a few GeV
per nucleon and the "knee" at around 3×1015 eV. It is now clear, thanks to precision measurements
by first Pamela [4] and now AMS02 [55, 6, 5] building on earlier work by the ATIC [10, 69]and
CREAM [9, 80] collaborations, that this is not the case. These experiments have resulted in two
important discoveries:
1. The proton spectrum is distinctly softer than that of Helium (and possibly other heavy ele-
ments) at all energies.
2. Both spectra show a break and a spectral hardening at around a rigidity of 200GV.
Also for the first time we have low-energy measurements from the Voyager spacecraft showing
the low-energy interstellar spectrum of GCR protons largely free of Solar modulation [73, 76]. In
addition to these exciting developments concerning the nuclear species, the precise measurements
of the positron, electron and anti-proton components are also throwing up new ideas and challenges,
see e.g. [61] for an unconventional take on the anti-particle data.
The harder helium spectrum has the interesting consequence that by the time one gets to the
"knee" energies it dominates hydrogen in the all-particle energy spectrum (though not in energy per
nucleon or rigidity). Thus the "knee" in the all-particle spectrum at 3×1015 eV is actually predom-
inantly a Helium and CNO knee, and it is possible that the proton spectrum cuts off significantly
before this as has been suggested by the Tibet ARGO-YBJ experiment [64]. (This is reminiscent of
the very old Grigorov claims of a deficit of protons at the "knee" although Grigorov’s results [51]
were almost certainly due to splash-back from his calorimeter leading him to misclassify protons
as heavy nuclei - it is interesting however that he may well have been partially right for the wrong
reason.)
It is hard to see how the discrepancy in slope between the proton and helium spectra can be a
propagation effect and it is thus almost certainly a source effect. Either there are distinct popula-
tions of sources, hydrogen rich ones producing rather softer spectra and helium rich ones producing
systematically harder ones, or it is an effect of source evolution, with the hydrogen and helium be-
ing preferentially injected and accelerated at different times as the source (presumably a SNR)
evolves (see e.g. [53]). In some ways this is not too surprising. We know that supernovae come in
a wide variety of types and often explode in complex and highly structured environments. It would
be astonishing were they all to produce identical populations of accelerated particles throughout
their evolution, and it seems quite natural that Helium, with its high ionisation potential and en-
hancement in the winds of high-mass stars at the end of their evolution, should be preferentially
associated with very strong shocks and the early phases of evolution of core-collapse supernovae
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where one might expect harder spectra. It will be important in the next few years to see whether
other abundant elements also show similar variability in spectral slope and whether a consistent
pattern emerges.
The break at rigidity of 200GV or so on the other hand could reflect either a source effect
(concave spectra are a generic prediction of both linear and nonlinear acceleration theories) or a
propagation effect. In principle the question should be answered by precise measurements of sec-
ondary spallation nuclei. If it is a pure propagation effect, the break in the secondary spectra should
be twice that in the primary spectra, and this should be evident in the spectrum of a secondary
species such as Li and also as a break in secondary to primary ratios such as B/C. Unfortunately
the data presented to date do not seem to allow a clear answer to this question (see [42] for a differ-
ent perspective), but it should be clarified in the near future with the promised release of improved
AMS02 results as well as results from new experiments such as DAMPE and ISS-CREAM. Such
effects are actually quite natural in more sophisticated propagation theories a good example being
[13] where they make the point that their model also naturally fits the low-energy Voyager data.
6. Chemical composition
The relative abundances of the different nuclear species in the GCR provide very important
information about their origin and propagation. As noted by Ginzburg and Syrovatskii "It can
be said with certainty that any theory of the origin of cosmic rays cannot expect serious success
unless it rests on a detailed analysis of the observed composition of primary cosmic radiation". By
relative abundance we normally mean the ratio of the flux in one species to some reference species
measured at a fixed energy per nucleon. It would probably make more sense to do this at fixed
rigidity, but it makes no real difference except in the case of hydrogen. Implicitly this relies on the
fact that all nuclear species have very similar spectra so that there is only a weak dependence on the
measurement energy, but the recent discovery of the differences between the hydrogen and helium
spectra shows that some care is needed here and the composition is clearly energy dependent. A
fortiori statements about the relative numbers of electrons and protons in the GCR should be treated
with great caution, they have very different spectra and it is not clear how one should make such
a comparison. Leaving aside these minor caveats, we now have excellent data for all nuclei up to
Fe (most recently from the ACE collaboration [56]), good data for some of the trans-Iron elements
(see the recent results from the TIGER collaboration, e.g. [66]), and evidence for the presence of
all nuclei including the actinides in the GCR [78, 32].
The data show clearly that the composition of the GCR, after correction for spallation during
propagation, is relatively normal and quite close to that of the solar system (which is commonly
used as a standard reference composition). All the main nucleosynthetic groups are present in
proportions similar to those in the solar system. This is interesting because it implies that we are not
looking at the ejecta of any one class of supernovae, instead we need a mixture similar to that in the
general interstellar medium (which is thought to be very similar to the solar system composition).
There are however some significant differences in the GCR composition as compared to the solar
system. The most striking is that heavy elements are definitely over-abundant, and that there appear
to be two parameters at work. On theoretical grounds one expects that there should be a mass to
charge ratio dependent fractionation, with higher initial rigidity ions being preferentially injected,
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but this alone is not enough to explain the data [28] and there needs to be a second effect which
phenomenologically is related to the chemistry or the outer electronic structure of the neutral atom
(first ionisation potential, volatility etc). This is clearly telling us something about both the source
material that is being accelerated and the initial injection and acceleration process. Remarkably the
heavy and refractory elements that are overabundant in the GCR, throughout most of the interstellar
medium are strongly depleted in the gas phase and condense out as dust grains. It is therefore
natural to ask whether it is possible to imagine mechanisms whereby dust could contribute to the
GCR source composition and indeed just such a quantitative model was sketched out in [65, 39]
building on earlier suggestions [40, 27]. The bottom line is that rather standard shock acceleration
in a dusty medium of normal composition appears to be well able to fit the GCR compositional
data. Perhaps the most convincing feature of the model is the case of oxygen which is well fitted
once one allows for the fact that about 10% of the interstellar oxygen is trapped in the grains (which
are mainly silicates and metal oxides; note that this is an argument for chemistry and not just atomic
physics as the second parameter).
Of course using the solar system composition as a reference is more a matter of convenience
than anything else, and the TIGER collaboration in a series of recent papers have been using instead
a composition enriched in mass-loss from massive stars to model what might be the composition
in a superbubble. This appears to organise the data better and makes sense in that most core-
collapse supernovae probably occur in such an environment [71, 66]. It would be well worth doing
a more detailed study of the gas/dust injection problem using modern computational resources to
verify that the model is indeed qualitatively correct. A first step in this direction is the ab initio
calculation of gas phase fractionation in [25].
In addition to the chemical composition we also have some isotopic information. The best
established effect is the clear excess of 22Ne generally interpreted as pointing to a contribution
from Wolf-Rayet star winds [26, 70]. The remarkable recent detection of live 60Fe [18] in the GCR
points to the presence of some freshly synthesised material (less than a few million years old) while
on the other hand the absence of 59Ni (which decays by k-shell capture and is thus stable when fully
stripped) has been interpreted as indicating an interval between nucleosynthesis and acceleration
of at least 105 years [79] (but see [67] for a dissenting view). This is consistent with the actinide
composition which also hints at a generally old composition contaminated by a small amount of
freshly synthesised material [32].
7. Acceleration sites and mechanisms
Thus the energy to power the bulk of the GCR acceleration is almost certainly from super-
novae, and the matter that is accelerated appears to be a well-mixed rather normal dusty interstellar
medium with some fresh nucleosynthetic contamination. But how and where does the acceleration
actually happen? The most plausible suggestion goes back to the ideas of [59, 16, 19, 14], a first-
order Fermi acceleration process now generally referred to as diffusive shock acceleration (after
[34]) which locates the site of the acceleration in the strong shocks associated with supernova rem-
nants. Stochastic acceleration by turbulence (the classical second-order Fermi mechanism) remains
a viable possibility, but is generally very much slower, requires a separate injection process, and
there are many competing channels for the dissipation of turbulence. Diffusive shock acceleration
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has the great advantage of being able to accelerate charged particles directly out of the tail of the
shock-heated ion distribution with high efficiency as confirmed recently by detailed numerical sim-
ulations [22, 23, 24] and naturally produces hard power-law spectra approximating to E−2. Worries
about the maximum attainable particle rigidity [60] have been somewhat alleviated by the intro-
duction of magnetic field amplification [63, 17, 33]. Any strong shock in the ISM should accelerate
particles in the same way and thus there may be a contribution from the shocks associated with OB
winds, but these do no have enough power to explain the bulk of the GCR. Similarly pulsars may,
and in my opinion probably do, contribute to the electron and especially the positron components
of the GCR, but it is difficult to see how they on their own could reproduce either the power or the
composition of the GCR.
In addition to the Fermi processes which tap into differential motion to drive particle accel-
eration, there is one other possible source of energy to drive acceleration and that is the energy
density of the magnetic field released through magnetic reconnection. While there is no doubt that
magnetic reconnection does drive particle acceleration in a number of astrophysical environments
(Solar flares being the paradigmatic example) it is difficult to see how it could produce the Galactic
luminosity or explain the composition of the GCR. The other problem with magnetic reconnection
is that the theory is much harder and less specific than in the case of diffusive shock acceleration.
Thus the "best bet" remains as it has been for the last few decades: the GCR are produced
mainly through the diffusive shock acceleration mechanism operating at the strong shocks driven
by supernova explosions. For the most part this will be the forward shock sweeping up the circum-
stellar material although there may be some particle acceleration at the reverse shock as it runs back
into the ejecta (it should be noted that the total energy flux through the reverse shock is much less
than that at the forward shock; in fact the time-integrated flux of energy through the forward shock
can be several times the explosion energy as the PdV work done by the interior pressure is recycled
through the shock during the remnant expansion). The debate as to whether the GCR originate in
superbubbles or SNRs seems to me to be a false dichotomy; most core-collapse SNe must occur
spatially and temporally correlated with the birth of their progenitors in OB associations and thus in
superbubbles, whereas the thermonuclear type 1a SNe are rather randomly distributed throughout
the Galaxy, but surely both contribute to the GCR.
We would of course still like to have direct evidence, ideally an irrefutable "smoking gun"
proof, that the GCR originate from SNRs [37, 29]. While we are not quite there yet substan-
tial progress has been made in the last decade. The current generation of imaging atmospheric
Cherenkov telescopes have conclusively shown that in at least some SNRs, charged particles are
accelerated to 100Tev and that the acceleration is linked to the outer shock, see e.g. the recent
detailed study by the H.E.S.S. collaboration of the shell-type remnant RXJ1713.7-3946 [52] (see
fig 2) which also shows some evidence for particles escaping from the shock into the surrounding
medium [35]. Unfortunately disentangling the relative contributions of electrons and nuclei has
proven remarkably difficult, and the reality must be that they are both accelerated. Indeed once
they are relativistic the rest mass becomes unimportant and the only difference between protons
and electrons as far as acceleration is concerned is the sign of the charge and the much stronger
radiative losses for electrons. The detection of what looks like the kinematic threshold for pion pro-
duction by the Agile [49] and Fermi-Lat collaborations [2, 57] in the gamma-ray spectra of some
SNRs is strong evidence for the acceleration of relativistic nuclei to at least GeV energies in these
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sources. The non-thermal synchrotron X-ray emission observed in young remnants also supports
the idea of magnetic field amplification, which in turn requires dynamically significant cosmic ray
production (cosmic ray pressure comparable to the ram pressure of the shock) if this is by the Bell
or similar mechanism [75].
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Figure 2: The recent H.E.S.S. map of RXJ1713.7-3946 - a glowing shell of gamma-ray emission coincident
with the outer shock of the SNR.
8. Conclusions
We live in exciting times. The new precision data from the current generation of experiments
is revealing fine detail in the GCR that clearly require a more quantitative and physical approach to
interpretation and modelling. We need to rethink the question of cosmic ray propagation in terms of
a much more dynamic interstellar medium and Galaxy with nonlinear wave generation and cosmic
ray pressure driven outflows (hopefully this will resolve the tension between current propagation
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models favouring soft production spectra and acceleration models favouring harder spectra). We
need to understand the formation of the Fermi bubbles and the possible role of Seyfert-like activity
in the Galactic centre. We need to improve our models of particle injection and chemical frac-
tionation at shocks and see whether this can explain the compositional data and the discrepancy
between the proton and helium spectra. In direct detection we can already anticipate beautiful new
data from experiments such as DAMPE and ISS-CREAM as well as continued and improved re-
sults from AMS02. And in indirect methods the interpretation of air shower data is going to be
much cleaner with the improvement in the hadronic models as a result of new LHC measurements.
We can anticipate roughly an order of magnitude improvement in the TeV gamma-ray observations
from CTA, and continued progress in neutrino astronomy.
The origin of cosmic rays remains, as foreseen by Ginzburg and Syrovatskii, a fundamental
issue in the high-energy astrophysics of our Galaxy and continues to tantalise us, but we are making
good progress.
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